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The current generation of advanced gravitational wave detectors utilize titania-doped tantala/silica
multilayer stacks for their mirror coatings. The properties of the low-refractive-index silica are well
known; however, in the absence of detailed direct measurements, the material parameters of Young’s
modulus and coeﬃcient of thermal expansion (CTE) of the high refractive index material, titania-
doped tantala, have been assumed to be equal to values measured for pure tantala coatings. In
order to ascertain the true values necessary for thermal noise calculations, we have undertaken mea-
surements of Young’s modulus and CTE through the use of nanoindentation and thermal-bending
measurements. The measurements were designed to assess the eﬀects of titania doping concentration
and post-deposition heat-treatment on the measured values in order to evaluate the possibility of
optimizing material parameters to further improve thermal noise in the detector. Young’s modulus
measurements on pure tantala and 25% and 55% titania-doped tantala show a wide range of values,
from 132 to 177 GPa, dependent on both titania concentration and heat-treatment. Measurements of
CTE give values of (3.9± 0.1)× 10−6 K−1 and (4.9± 0.3)× 10−6 K−1 for 25% and 55% titania-doped
tantala, respectively, without dependence on post-deposition heat-treatment.
OCIS codes: (310.6870) Thin Films, other properties; (310.3840) Thin Films, Materials and
process characterization; (310.1860) Thin Films, Deposition and fabrication; (160.2750) Materials,
Glass and other amorphous materials.
1. Introduction
The current generation of interferometric gravi-
tational wave detectors, including the Advanced
LIGO [1] and Advanced Virgo [2] detectors, are un-
dergoing construction, and are expected to reach
design sensitivity in the next few years. An im-
portant limiting noise source in the detectors is
the thermal noise arising from the coatings used to
make the mirrored test masses reﬂective at a wave-
length of 1064 nm. These high-reﬂectivity coat-
ings are made from alternating layers of high index
of refraction Ion Beam Sputtered (IBS) amorphous
∗ Corresponding author: abernathy m@ligo.caltech.edu
titania-doped tantala (Ti:Ta2O5) and low index IBS
amorphous silica (SiO2), with the layer structure
optimized to reduce thermal noise while maintain-
ing the requisite reﬂectivity [3].
In order to calculate the thermal noise that
arises in the interferometers a priori, the thermo-
mechanical properties of the coating materials need
to be well known. In order to calculate the thermo-
optic noise [4] of the coatings, knowledge of the
heat capacity, CTE, thermo-optic coeﬃcient, ther-
mal conductivity, Young’s modulus, and Poisson ra-
tio of the coating material is required. In order
to calculate the Brownian thermal noise [5], the
Young’s modulus, Poisson ratio, and mechanical
loss of the coating material is also needed. Further-
more, calculation of the mechanical loss from var-
2ious ‘ring-down’ measurement techniques [6, 7] re-
quires knowledge of the coating material’s Young’s
modulus and Poisson ratio.
While the properties of silica are fairly well
known, the properties of tantala, and especially
titania-doped tantala, have rarely been measured.
In some cases, there has even been some controversy
regarding some measurements. In the case of the
CTE, measurements have ranged from −4.4× 10−5
K−1 for ion-assisted e-beam sputtered tantala [8],
to 2.4×10−6 K−1 for IBS tantala [9]. Measurements
made by Braginsky and Samoilenko [10] suggested
that the CTE of tantala was roughly (5± 1)× 10−6
K−1. This new measurement was used to support
the use of a value of 3.6×10−6 K−1 within the LIGO
community for IBS pure tantala and it has since
been commonly used [4, 11, and others]. However,
this value was calculated [9] from measurements
of the temperature coeﬃcients [12] and normalized
thermo-optic coeﬃcients [13], and was not a direct
measurement of thermal expansion, nor were these
values measured on IBS coatings.
For the Young’s modulus of tantala, the value of
140 GPa is most often used in analysis of coating
mechanical loss and estimates of coating thermal
noise. The article by Martin et al. [14] is often cited
[6, 7, 15, 16, and others]; however, this paper only
displays plots of indentation modulus as a function
of indentation depth using a micro-indentation sys-
tem, and these plots have not been fully analyzed
to give an appropriate coating Young’s modulus.
Other measurements support the value of 140 GPa
using nanoindentation, including measurements of
140±15 GPa [17], and 143 GPa [18]. Unfortunately,
these measurements do not oﬀer a complete analy-
sis of the substrate eﬀects on the nanoindentation
measurements.
The purpose of the measurements made in this
paper is twofold: ﬁrst, to remove any further con-
troversy regarding the Young’s modulus and CTE
of IBS tantala ﬁlms; and second, to measure these
properties for the case of the IBS titania-doped tan-
tala coatings used in advanced detectors. As dopant
level and post-deposition heat treatment have been
identiﬁed as variables that can aﬀect the Brownian
thermal noise in the detectors [7, 19, 20], coatings
with a range of dopant levels and heat-treatments
were also studied here.
2. Measurement
All coatings were produced by CSIRO (Common-
wealth Scientiﬁc and Industrial Research Orga-
nization) and deposited upon both 1-inch silica
discs and the silicon cantilevers commonly used in
mechanical-loss measurements [7]. The pure tan-
tala samples were prepared as part of one coating
run, and were heat-treated to 300, 400, 600, and
800 ◦C. It was previously shown that the 800 ◦C
sample had begun to crystallize [20]. The titania-
doped samples were made during a separate coating
run and were either left untreated or heat-treated
to 300, 400, or 600 ◦C. The untreated samples are
often referred to as As Deposited (AD); the depo-
sition temperature was ∼100 ◦C, so for the pur-
pose of this paper, the results are considered as
heat-treated to this temperature. Additional heat-
treatment was carried out by annealing samples in
air for 24 hours. All of the titania-doped tantala
samples were found to be amorphous. Titania-
doped samples were either 25 or 55% doped, as mea-
sured by metal cation. All coatings were measured
using ellipsometry to be ∼500 nm thick.
2.A. Nanoindentation
Nanoindentation is a technique developed to mea-
sure the mechanical properties of small volumes of
materials in a simple fashion [21]. These proper-
ties are measured by making indentations at the
nanometer scale and recording the load, P , and
displacement, h, response as the indenter is driven
into and withdrawn from the material. An example
of the nanoindentation load-displacement curves
taken into tantala can be seen in Figure 1. In this
example, the indents are made using the standard
load-hold-unload cycle. A load is applied to the in-
dentation tip, forcing it into the sample and increas-
ing the displacement. During the loading phase,
work is done as the sample is both elastically and
plastically deformed. During the hold phase, the
force is held constant, but the sample continues to
deform due to creep eﬀects which arise due to the
movement of the material within the specimen un-
der high pressure. During the unloading phase, the
load is reduced and the indentation tip is withdrawn
from the sample. This phase is characterized by
having only an elastic response. We therefore an-
alyze the unloading phase in order to measure the
Young’s modulus of the material.
Using this technique, indentation measurements
were made using the Hysitron TI-700 Ubi, located
at the University of Cambridge, with a diamond
Berkovich pyramidal tip. Eﬀective moduli, com-
posed of the coating and substrate Young’s moduli,
were extracted from the indentation data using the
method of Oliver and Pharr [22]. Once the load-
displacement data is recorded, the elastic modulus
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Fig. 1. Example of the Load-Displacement curves used
in calculating the Young’s modulus at one position on a
ﬁlm of pure tantala deposited on a silica substrate and
heat-treated to 600 ◦C.
is determined from:
E∗ =
√
π
2
dP
dh
1√
A
, (1)
where A is the projected area of contact under load,
dP/dh is the slope of the load-displacement curve at
the beginning of the unloading phase, and E∗ is the
combined modulus of the sample and indenter:
1
E∗
=
1− ν2i
Ei
+
1− ν2s
Es
. (2)
Here, E is the Young’s modulus, and ν is the Pois-
son’s ratio of the sample and indenter, marked with
subscripts ‘s’ and ‘i’, respectively.
The value of dP/dh is generally extracted from
the data by ﬁtting an empirically-derived equation,
P = α(h− hf)m, (3)
to the unloading portion of the curve. Here, α and
m are the ﬁtting constants, and hf is the displace-
ment at zero load on the unloading curve. Once
ﬁt, the derivative of the P-h relation is taken at
the maximum value of h, hmax, to give the value of
dP/dh.
The area function is calculated by making a series
of indents into a fused quartz reference sample with
a known hardness and Young’s modulus, solving
Equation 1 for A, and ﬁtting the following equation
[23]:
A(hc) = C1h
2
c +C2hc +C2h
1/2
c +C4h
1/4
c + . . . (4)
Here, C1 is usually a number close to 24.5 for a
Berkovich indenter, and the remaining constants
are ﬁt to indents made into samples of known mod-
ulus at diﬀerent depths in order to account for tip
rounding.
For a thin coating on much thicker substrate, if
the Young’s moduli of the coating and substrate
diﬀer, the modulus measured using the Oliver and
Pharr method will vary with indentation depth [24].
This is due to the increasing inﬂuence of the sub-
strate as the load is increased. In order to minimise
this inﬂuence, it is often suggested that indents be
made such that hmax is less than 10% of the thick-
ness of the coating, tc [23]. While this is generally
acceptable for coatings greater than about a mi-
cron, it is not practical on thinner coatings where
the errors in the area function and surface defects
begin to have an eﬀect at very small indentation
depths [25].
The coating modulus was extracted from the val-
ues taken from the Oliver and Pharr method using
the model of Song and Pharr [26, 27]. In the Song
and Pharr model, the elastic moduli of the ﬁlm and
substrate are added in series, and weighted by a
factor dependent upon the indentation area:
1
E′
=
1
Es
+
(
1
Ec
− 1
Es
)
I0(t/a). (5)
Here, the subscripts c and s represent the coating
and substrate, respectively, and I0(t/a) is a weigh-
ing function that is equal to 1 for shallow indents
and 0 for deep indents, and is given by the equation
[28]:
I0(t/a) =
2
π
arctan(t/a) +
1
2π(1− ν)
[
(1− 2ν)(t/a) ln
(
1 + (t/a)2
(t/a)2
)
− t/a
1 + (t/a)2
]
, (6)
where a is the radius of a circle with the equivalent
area as the projected area of indent, πa2 = A(hc),
and t is the diﬀerence between the thickness of the
coating and the contact depth of the indent [27].
A plot of E′−1 against I0 for a number of indents
made at diﬀerent depths will yield a linear relation-
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Fig. 2. Example of the ﬁt of equation 5 to indentation
data. The red circles are the values of E′−1 from the
Oliver and Pharr analysis against I0, the blue line is
the ﬁt of the Song and Pharr model to the data, and
the green dashed lines show the one standard deviation
uncertainties to the ﬁt. These data are from one position
on the pure tantala sample heat treated to 400◦ C.
ship with y-intercept of E−1s and a value of E−1c at
I0 = 1. An example of this can be seen in Figure 2,
showing E′−1 as a function of I0 measured on one
of the pure tantala samples, heat-treated to 400◦ C,
in red circles, and the ﬁt of equation 5 in blue. The
green dotted lines are the one standard deviation
uncertainties from the ﬁt, assuming that the noise
in the data are Gaussian.
This method requires indents at varying depth,
so for each location on a sample, at least 25 in-
dents were made, varying the maximum applied
load evenly between 500 and 10000 μN. At least
two positions were measured on each sample, and
the weighted mean of the extracted coating moduli
was calculated and is given in Table 1.
For the pure tantala samples, indentations were
made into coatings deposited onto both silicon and
silica substrates. Finite element analysis suggests
that indents into coatings on the more compliant
silica substrates will have an additional substrate
eﬀect that would artiﬁcially reduce the extracted
coating modulus by as much as 5% [29]. Comparing
the moduli measured on silica to those measured on
silicon, the moduli measured on the silica substrate
samples are in fact ∼5% lower. This uncertainty is
included as a +5% systematic uncertainty for all the
samples on silica substrates in the table. The mod-
ulus extracted using the Song and Pharr method
also depends upon the Poisson ratio of the coat-
ing material. The Poisson ratios of amorphous tan-
tala and titania-doped tantala are unknown, how-
ever the Poisson ratios of similar amorphous metal
oxides tend to be in the range of 0.20-0.30. The val-
ues listed in the table are given using an assumed
value for the Poisson ratio of 0.25. Variation within
the range of 0.20-0.30 varies the resulting moduli by
less than 3% in all cases.
2.B. Thermal Bending
Measurements of the CTE were made using silicon
cantilevers of dimensions 34 mm long x 5 mm wide
and ∼115 μm thick, similar to those used in cryo-
genic mechanical loss measurements [7, 20, 30, 31].
The CTE of a coating deposited upon such a can-
tilever can be determined by measuring the vari-
ation in coating stress with sample temperature.
Following the modiﬁed Stoney’s formula [32, 33],
σcoating =
1
6
Bs
t2s
tc
(
1
R0
− 1
R
)
, (7)
the change in the radius of curvature of a coated
substrate, R, from that of the uncoated substrate,
R0, is related to the stress in the coating σcoating,
where Bs is the biaxial modulus of the substrate,
ts is the thickness of the substrate, and tc is the
thickness of the coating. The biaxial modulus of a
material is deﬁned as: B = E/(1−ν). Some of this
stress is related to the thermal expansion mismatch,
αc − αs, between the coating and the substrate,
σcoating = σI + (αc − αs)BcΔT, (8)
where σI is the intrinsic stress in the coating from
non-thermal sources, and ΔT is the temperature
diﬀerence from the last signiﬁcant thermal treat-
ment of the coating, such as deposition or heat-
treatment [34]. Therefore, the variation in the
stress as a function of temperature yields the fol-
lowing relation:
dσcoating/dT = (αs − αc)Bc. (9)
A simple apparatus was designed in order to mea-
sure the radius of curvature of coated cantilever
samples. In this apparatus, shown schematically in
Figure 3, a laser beam is separated into two parallel
beams using a beam-splitter and 45◦ mirror, sepa-
rated by a distance, x. These beams are reﬂected
from the cantilever, with one spot reﬂecting from
very near the clamped base of the cantilever, and
the other spot reﬂecting from the tip. These two
reﬂected beams are incident upon a screen placed a
distance L from the sample.
The distance between the spots on the screen, D,
will be the sum of the original separation of the
5Table 1. Young’s moduli measured for various titania-doped tantala ﬁlms. Included are the temperatures of heat-
treatment for the samples, the number of positions measured on each sample, the Young’s moduli measured, along
with the statistical uncertainty from the measured indents on each sample, and the systematic uncertainty which
arises from the softer substrate and uncertainty in the Poisson ratio of the coating materials.
% Ti H-T [◦ C] Substrate Pos. Meas. E [GPa] Stat. Uncert. [GPa] Sys. Uncert. %
0 300 SiO2 5 152 2.6 ±3+5
0 400 SiO2 5 137 1.1 ±3+5
0 600 SiO2 5 133 1.2 ±3+5
0 800 SiO2 5 162 6.4 ±3+5
0 300 Si 2 160 14.2 ±3
0 400 Si 2 146 3.3 ±3
0 600 Si 2 137 3.7 ±3
25 AD SiO2 3 143 2.6 ±3+5
25 300 SiO2 2 137 1.7 ±3+5
25 400 SiO2 3 145 3.2 ±3+5
25 600 SiO2 7 132 1.1 ±3+5
55 AD SiO2 3 145 4.9 ±3+5
55 300 SiO2 3 158 2.9 ±3+5
55 400 SiO2 3 142 1.7 ±3+5
55 600 SiO2 4 177 4.3 ±3+5
beams and the deviation caused by the curvature
of the cantilever: D = x + δ, where D is nega-
tive if the beams cross between the sample and the
screen. Therefore, if D is negative or less than x,
the beams are convergent, and the sample is con-
cave (as drawn in Figure 3); if D is greater than
x, then the beams are divergent, and the sample is
convex. If the displacement of the sample tip, y is
small relative to x, the radius of curvature of the
sample can be calculated using the relation:
R = 2Lx/δ. (10)
This device was able to measure the radius of cur-
vature of the samples to an accuracy of ∼5%, as
tested in measurements of concave mirrors of known
radius. In order to make measurements at varying
temperatures, the samples were placed within an
insulated copper box with a thin transparent open-
ing to allow the passage of the laser beams. The
temperature within the box was controlled using
resistive heaters mounted inside the box and the
temperature was measured using a thermocouple
mounted within the cantilever clamp.
Measurements of the radius of curvature were
made at intervals between 25 and 100 ◦C. The ra-
dius was converted to stress, and the stress varia-
tion with temperature was ﬁt with a straight line
to give the slope in Equation 9. An example of the
resulting plot of stress as a function of temperature
is given in Figure 4. In this plot, the error bars
are from the statistical uncertainty in the measure-
ments as well as the systematic uncertainty in all
the components of equation 7 except for the thick-
ness of the substrate. Our uncertainty in the thick-
ness of the substrate can add a systematic error
of as much as 20% to the measurements of tensile
stress; however, even these uncertainties are uti-
lized in the calculation of the thermal expansion.
By taking the Young’s modulus measured using the
nanoindention procedure discussed above, and as-
suming a Poisson ratio of 0.25±0.05, the coeﬃcient
of thermal expansion could be calculated for each
sample. The results are shown in Figure 6.
3. Results
3.A. Young’s Modulus
Coating Young’s moduli as measured on silica sub-
strates are shown in Figure 5 as a function of heat-
treatment. Looking only at the pure tantala (red
circles), the Young’s modulus appears to decrease
with increasing heat-treatment until the coating be-
gins to crystallize between 600 and 800 ◦C. Such a
trend was postulated in [35], as an indicator of in-
creasing void space with increased heat-treatment.
A similar trend is seen with the 25% titania-doped
samples (green squares), with the exception of the
400 ◦C sample. The opposite trend is seen with
the 55% titania-doped samples (black, upward tri-
angles); again, with the exception of the 400◦ C
6L
D
x
y
Laser BS
Mirror
Sample
Screen
Fig. 3. Diagram of the thermal bending experimental
setup. The measurement of the spot separation, D, is
dependent upon the displacement of the cantilever tip,
y. This diagram is not to scale.
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Fig. 4. Plot of tensile stress (blue circles) versus tem-
perature with accompanying ﬁtted line (red). The slope
of this line is used to calculate the thermal expansion
coeﬃcient of the coating material.
sample. This is most likely due to the abundance of
titania, which is known to have a low crystallization
temperature and a high Young’s modulus [36, 37].
The two titania-doped samples heat-treated at 400◦
C were produced at the same time, they were most
likely heat-treated together, and may not have been
fully heat-treated; this agrees with the fact that the
two samples give approximately the same moduli as
the As Deposited coatings. Overall, it is shown that
while the commonly measured value of ∼140 GPa
[18, 38] is a reasonable value for the Young’s modu-
lus of tantala, it is dependent upon both the doping
and heat-treatment of the coating.
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Fig. 5. Mean Young’s moduli of all tantala samples mea-
sured on silica substrates, plotted for samples of diﬀer-
ent heat-treatment. The red circles are pure tantala,
the green squares are 25% titania-doped tantala, and
the black triangles are 55% titania-doped tantala. Er-
ror bars are the statistical uncertainty on the weighted
mean. The sample heat treated at 800◦ C was found to
be poly-crystalline, all others are amorphous.
3.B. Thermal Expansion
The coeﬃcients of thermal expansion for both of
the titania doping concentrations are shown in Fig-
ure 6. The plot suggests that there is no obvi-
ous trend in the coeﬃcient of thermal expansion
of the coatings with heat-treatment temperature.
Also plotted as solid lines are the weighted means
of the coeﬃcients. For the 55% titania-doped tan-
tala, the mean coeﬃcient of thermal expansion is
(4.9 ± 0.3) × 10−6 K−1, and for the 25% titania-
doped samples, the mean is (3.9± 0.1)× 10−6 K−1.
These values can be compared to the reported co-
eﬃcient of thermal expansion of pure tantala coat-
ings deposited by dual ion-beam sputtering in [18],
which gives a value of 4.4×10−6K−1. Both of these
values are higher than that used for pure tantala,
however, they are probably aﬀected by the pres-
ence of the titania doping. Unfortunately, we were
unable to measure any samples of pure tantala.
4. Conclusion
We have made direct measurements of the coeﬃ-
cient of thermal expansion and Young’s modulus
of pure and titania-doped tantala heat-treated at
various temperatures. Our results indicate that the
Young’s modulus of IBS tantala ﬁlms is aﬀected
by both post-deposition heat-treatment and tita-
nia doping, and that the coeﬃcient of thermal ex-
pansion is not aﬀected by heat-treatment, but is
altered by titania doping. We have also made di-
rect measurements of coating materials very similar
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Fig. 6. Coeﬃcient of thermal expansion measured us-
ing the thermal bending technique for 55% (green cir-
cles) and 25% (red squares) titania-doped tantala sam-
ples heat-treated at diﬀerent temperatures. The solid
lines indicate the weighted mean of each set.
to those used in second generation interferometric
gravitational wave detectors, conﬁrming previous
estimates and allowing for greater conﬁdence in the
prediction of thermal noise levels within these de-
tectors.
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